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OPTICALLY  PUMPED  FAR  INFRARED  LASERS 


I . OVERVIEW 

This  report  summarizes  the  research  performed  under  Grant 
DAHC  04-75-G-0099  during  the  period  1 March  1975  to  28  Feb- 
ruary 1978.  The  basic  research  goals  were  quite  simple:  the 
study  of  fundamental  processes  associated  with  the  optical 
pumping  technique  used  to  generate  far-infrared  radiation. 

Two  specific  areas  addressed  in  detail  are  superradiance  and 
stimulated  Raman  emission,  both  identified  and  partially 
characterized  during  the  course  of  this  study. 

II,  SUPERRADIANCE 

A.  Introduction 

The  concept  of  superradiance,  as  originally  presented 

by  Dicke,^  is  that  of  the  collective  spontaneous  decay  of  an 

ensemble  of  two-level  atoms  prepared  in  a superposition  state. 

The  resultant  emission  intensity  is  proportional  to  the  square 

of  N,  the  nvimber  of  atoms,  and  is  emitted  in  a delayed  pulse 

whose  delay  and  width  are  both  inversely  proportional  to  N. 

2 

The  theory  has  evolved  to  treat  extended  media,  complete  in- 
3 4 

version,  swept  excitation,  and  various  other  effects  such  as 
relaxation  and  degeneracy.^  At  the  time  of  the  proposal,  one 
experimental  observation  of  superradiance  had  been  made,  ^ and 


2 


the  question  was  whether  our  observations  on  methyl  fluoride 

were  of  the  same  effect  and  what  modifications  '-lould  have  to 

2 

be  made  in  the  existing  theory  to  allow  a comparison. 

The  objectives  of  the  proposal  were  several;  and  with  one 
exception,  they  have  all  been  fulfilled  at  least  as  well  as  we 
had  hoped.  The  details  of  the  superradiant  pulse  evolution 
have  been  studied  and  are  described  in  the  next  section.  The 
scaling  behavior  of  the  superradiant  emission  with  cross  sec- 
tional area  A,  has  been  found  to  be  intermediate  between  that 

2 

of  the  disk  and  needle  cases,  that  is,  the  intensity  varies 

2 

more  rapidly  than  A but  more  slowly  than  A (see  Appendix  I) ; 
with  length,  L,  the  variation  (v  as  L^)  is  faster  than  that  pre- 
dicted, as  is  discussed  in  the  next  section.  Seeding  of  the 
sample  to  determine  the  initial  condition  (initial  Bloch  vec- 
tor tipping  angle)  of  the  Maxwell-Bloch  theory^  has  not  been 

done,  because  reproducible  far  infrared  pulses  of  intensity 

-19  2 

approximately  10  W/cm  would  be  required.  The  theory  of 
Ref.  5,  developed  independently  by  us  in  a similar  version, 
appears  to  give  not  only  the  qualitative  features  of  the  super- 
radiant emission,  but  also  a quantitative  fit  to  our  results 
over  a range  of  cell  length  and  CH^F  pressure,  using  only  one 
free  parameter;  this  is  discussed  in  more  detail  in  the  next 
section.  This  analysis  has  given  an  indication  of  the  conditions 
under  which  superradiance  may  evolve;  in  particular,  it  appears 
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that  population  decay  and  dephasing  effects  (represented  by 
T2=Tj^)  are  not  as  serious  as  was  first  thought.  And,  finally, 
an  efficient  pulsed  far  infrared  source  (15%  photon  conversion 
efficiency)  has  been  realized;  the  efficiency  is  rela  ed  only 
to  the  finite  delay  and  finite  pump  pulse  width,  but  the  con- 
ditions for  superradiant  emission  limit  the  intensity  to  less 
than  a kilowatt  at  the  present  time. 

Contributions  in  amplification  of,  or  in  addition  to, 
those  proposed  have  taken  place  in  several  different  areas, 
both  theoretical  and  experimental.  One  of  these  was  the  exten- 
sion of  the  theory  of  the  propagationless  case"^  to  include, 
phenomenologically,  collisional  dephasing  and  energy  loss 
(T2&T1)  and  to  investigate  the  importance  of  these  relative  to 
Doppler  dephasing;  it  was  found  that  the  latter  is  the  less 
serious  case.  A search  was  made  for  candidate  transitions; 
several  far-infrared  (FIR)  possibilities  (pumpable  by  a CO2  TEA 
laser)  were  found  (see  Ref.  8),  and  we  identified  alkali  metal 
vapor  transitions  on  which  subsequent  observations  of  super- 
radiance were  made . ^ The  apparatus  has  been  modified 

to  allow  for  shorter,  more  stable  pump  pulses,  to  further  re- 
duce feedback  and  symmetrize  the  sample  cell  with  respect  to 
forward-  and  backward-propagating  waves,  and  to  allow  sensitive 
detection  of  the  superradiant  pulses  on  a nanosecond  time  scale. 
An  analytical  solution  has  been  found  for  the  small-area  pulse 
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case  and  agrees  with  computer  calculations  in  the  proper  limits, 
and  an  empirical  expression  for  the  dependence  of  the  pulse 
parameters  on  cell  length  has  been  derived  from  computer 
solution  of  the  equations  of  Ref.  4.  The  effects  of  varying 
cross-sectional  area,  length,  and  pump  duration  have  been  studied 
experimentally  and  theoretically,  and  the  pulse  shape  observed 
in  detail;  in  addition,  the  transitions  from  superradiance  to 
swept-gain  superradiance  and  from  homogeneous  to  Doppler 
broadening  have  been  observed  and  studied. 

B.  Summary  of  Research 

Earlier  results  have  been  reported  at  several  confer- 
ences (Refs.  8,12;  Appendix  I);  the  latest  results  have  been 
reported  at  the  Tenth  International  Quantum  Electronics  Confer- 
ence, Atlanta,  May  29-June  1,  1978,  paper  T-4 , and  are  being 
prepared  for  publication.  These  results  will  be  summarized 
here,  and  general  conclusions  will  be  drawn  in  the  next  section. 

The  apparatus  is  essentially  the  same  as  that  shown  in 
Fig.  2 of  Appendix  I,  although  certain  changes  have  been  made. 

The  mode  quality  of  the  CO2  TEA  laser  has  been  improved  by  in- 
creasing the  inner  dicimeter  of  the  intracavity  gain  cell,  and 
the  output  energy  has  been  increased  threefold,  allowing  the 
pump  pulse  to  be  truncated  to  a width  (FWHM)  of  15  nsec  with 
a peak  power  still  approximately  1 MW.  This  allows  even  higher 
pressures  to  be  reached  before  overlap  of  the  pump  and  FIR 
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pulses  occurs.  The  pump  pulse  is  now  weakly  focused  by  a 
long-radius  mirror  into  the  FIR  cell  so  that  it  may  trans- 
verse the  maximum  length  of  cell  allowed  by  laboratory  dimen- 
sions (10.2  m)  without  expanding  appreciably.  In  addition, 
the  FIR  cell  has  been  made  symmetric  by  the  mounting  of  a 
dielectric-coated  silicon  "input  coupler"  at  the  far  end  of 
the  cell,  reducing  feedback  even  more,  allowing  full  detection 
of  the  pump,  and  eliminating  the  need  for  external  separation 
of  the  pulses.  This  arrangement  allows  for  the  extension  of 
the  range  of  data  to  even  lower  pressures,  and  allows  the  meas- 
urement of  the  delay  of  the  backward  wave.  The  Si:P  detector 
has  been  more  carefully  calibrated  and  has  been  operated  at 
lower  bias  to  decrease  its  response  time  to  about  2 ns  (at  the 
expense  of  sensitivity)  in  order  to  follow  faithfully  the  time 
behavior  of  the  FIR  pulses  from  the  longest  samples. 

Typical  pulses  are  shown  in  Fig.  1,  where  the  qualitative 
dependences  of  the  intensity,  pulse  width,  and  delay  (measured 
from  pump  cutoff)  on  pressure  and  cell  length  can  be  seen.  In 
Fig.  Ic , the  fluctuations  in  the  FIR  pulses  are  also  evident 
(the  lowest  FIR  pulse  is  due  to  the  unusual  fluctuation  in  the 
pump) . 

Measurements  of  the  delay,  width,  and  intensity  of  the 
superradiant  pulses  were  made  as  a function  of  CH^F  pressure 
at  several  cell  lengths:  168,  229,  351,  473,  656,  838,  and 
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838  cm 
242  torr 


838  cm 
0 9 4 torr 


— *j  1^20  nsec 


351  cm 
242  torr 


Fig.  1.  Typical  pulses  showing  the  qualitative  effects  of  varying 
pressure  for  a given  cell  length  and  of  varying  cell 
length  at  constant  pressure.  The  upper  pulse  is  the  CO2 
pump,  showing  the  rapid  cutoff;  a)  nearly-overlapping 
pulses;  vertical  scale  is  150  W/div  (FIR  pulse  only) , 
horizontal  scale  20  nsec/div. , b)  well-separated  pulses 
at  a lower  pressure;  note  change  in  vertical  scale  to 
4 W/div.,  c)  five  pulses  at  .242  torr  in  a shorter  cell, 
showing  a somewhat  larger-than-normal  range  of  fluctuation. 
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1021  cm;  this  was  done  for  both  the  forward-  and  backward-going 

pulses.  Since  it  is  expected  that  the  delay  and  width  should 

-1  2 

vary  with  pressure  as  p , and  the  intensity  as  p , the  delay 

-1  2 

and  width  have  been  plotted  vs  p and  the  intensity  vs  p 

for  the  forward-going  wave  at  four  cell  lengths  in  Figs.  2,  3, 

4,  and  5.  The  delay  and  width  in  Fig.  2 are  shown  with  a 

straight-line  fit;  the  agreement  is  reasonable.  Note  the 

negative  delay  at  infinite  pressure  (p  ^=0) ; this  is  a result 

of  the  finite  width  of  the  pump  pulse  and  is  the  same  at  all 

lengths.  The  intensity  dependence  is  a combination  of  two 

2 2 

straight  lines  (approximately),  one  below  p = .01  torr  and 
a steeper  one  at  higher  pressures.  Fig.  3 shows  the  same  be- 
havior observed  in  a 351  cm  cell;  in  all  of  these  plots  (Figs. 
2-5),  the  data  points  represent  an  average  of  several  pulses. 

In  Fig.  4,  at  656  cm,  the  break  in  the  slope  of  intensity  vs 

2 -1 
p is  seen  to  correlate  with  breaks  in  delay  and  width  vs  p ; 

this,  then,  is  assumed  to  be  the  transition  between  homogeneous 
and  Doppler  broadening,  which  takes  place  from  0.10-0.04  torr. 
This  behavior  is  even  more  evident  in  Fig.  5. 

In  Fig.  6 is  shown  the  dependence  of  the  pulse  parameters 
on  length  for  two  pressures.  Both  delay  and  width  show  a de- 
crease and  appear  to  be  approaching  nonzero  values;  the  short- 
est delays  are  approximately  equal  to  T^r  and  all  but  the 
longest  pulse  widths  are  less  than  T2. 


In  spite  of  this. 


p'  (torr'  ) 


Fig,  2 


I68cm  CELL 


. Delay  (measured  from  pump  cutoff  to  FIR  peak)  vs. 
inverse  pressure,  pulse  width  vs.  inverse  pressure, 
and  pulse  intensity  vs.  pressure  squared,  for  a cell 
length  of  168  cm.  The  intercept  of  the  delay  at 
p~^  = 0 is  -23  nsec. 
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ringing  was  never  observed  in  the  FIR  pulses.  The  intensity 

3 

shows  an  increase  approximately  as  L over  this  range  of  lengths. 
Fig.  7 shows  the  ratio  of  the  forward  FIR  intensity  to  the 
backward  intensity  plotted  vs  p for  fixed  L and  vs  L for  fixed 
p;  it  is  seen  that  the  characteristic  of  the  emission  goes 
from  that  of  Dicke  superradiance  (R=l)  to  that  of  swept-gain 
superradiance  (R>>1)  as  p increases  past  .10  torr  and  as  L in- 
creases past  5 m.  This  is  supported  by  the  delay  and  width 
variation  with  L;  both  go  as  a larger  negative  power  of  L for 
L > 5m. 

Fig.  8a  shows  an  ex5unple  of  the  fit  that  can  be  obtained 
with  the  Maxwell-Bloch  equations  with  a f luctuating-phase  in- 
put field  to  simulate  the  initial  tipping  angle  due  to  spon- 
taneous and  blackbody  emission.  Here  the  pump  pulse  is  assumed 
to  be  saturating  and  the  loss  is  calculated  as  that  of  a 

Gaussian  beam. ^ The  initial  tipping  angle,  9q,  is  the  only 

c (L) 

free  parameter,  and  by  setting  9.  = — — - , the  results  for 

° /N 

pressures  ranging  over  the  homogeneously  broadened  regime  are 
fit  fairly  well  for  the  shorter  cell  lengths  (c  depends  only  on 
L,  not  p,  and  is  on  the  order  of  1).  The  arrows  in  Fig.  8a  re- 
present the  range  of  fluctuation  predicted  numerically  for  the 
intensity  and  delay.  Figs.  8b  and  8c  show  the  effect  of  vary- 
ing the  loss  and  the  tipping  angle,  respectively.  The  dashed 
line  in  all  three  represents  the  experimental  result.  It  is 


15 


t (nsec) 

.123  torr  331  cm  cell 

Fig.  8.  Comparison  of  calculated  (solid  lines)  pulses  to  experi- 
mental (dashed  lines)  pulses,  showing  sensitivity  of  the 
calculation  to  variations  in  initial  tipping  angle  (9») 
and  loss  (kL) . a)  Best  fit  found  by  calculating  kL 
and  varying  Sq-  The  arrows  show  the  range  of  fluctuation 
in  intensity  and  delay  predicted,  b)  Effect  of  varying 
kL  slightly,  c)  Effect  of  a variation  in  Sq;  note 
vertical  scale  change. 
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found  that  a fit  can  be  obtained  for  a small  change  in  k by 
changing  9q;  in  other  words,  the  fit  is  not  sufficient  to 
determine  the  absolute  value  or  perhaps  even  the  functional 
form  of  9q  because  k is  merely  an  estimate.  It  is  also  found 
that  the  fit  is  not  as  good  (quantitatively)  for  long  cells  or 
for  the  backward  wave,  for  reasons  which  will  be  discussed  in 
the  next  section. 

C.  Conclusions 

It  is  seen  that  agreement  between  theory  and  experi- 
ment is  fairly  good  except  for  the  longest  cell  length  and  for 
the  backward  wave.  The  agreement  is  improved  by  including  a 
finite-width  pump  pulse,  which  is  effectively  an  intermediate 
case  between  simultaneous  (e.g.,  transverse)  and  swept  (delta- 
function)  excitation.  It  also  appears  from  initial  computa- 
tions that  the  inclusion  of  degeneracy  for  the  FIR  transition 
does  not  have  an  appreciable  effect;  it  may  be  possible,  how- 
ever, that  the  pump  transition  degeneracy  may,  when  included, 
have  an  effect,  and  that  the  combination  of  this  with  the 
finite  pump  pulse  width  may  have  an  even  greater  effect.  Other 
things  which  may  have  to  be  included  in  the  model  are  coherent 
pump  effects,  Doppler  broadening  of  the  FIR  transition,  and 
transverse  variation  of  the  pump  resulting  in  lensing  effects 
for  the  FIR.  Far  infrared  pulses  as  short  as  12  nsec  and  as 
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intense  as  250  W have  been  produced  in  a superradiant  manner 
(no  pulse  overlap  between  pump  and  FIR).  This  is  limited,  at 
present,  by  the  finite  width  of  the  piomp  pulse,  and  possibly 
by  other  factors  such  as  degeneracy  and  transverse  effects. 

The  major  contribution  of  this  work  has  been  that  super- 
radiant emission  has  been  observed  in  the  homogeneously  broad- 
ened regime  for  the  first  time,  and  that  ringing  has  been  ab- 
sent even  when  the  delay  is  less  than  The  dependence  of 

the  delay,  pulse  width,  and  intensity  has  been  investigated 
as  a function  of  pressure,  cell  length,  and  cross-sectional 
area  and  the  scaling  behavior  found  to  be  intermediate  between 
the  disk  and  needle  limits  for  shorter  cells.  The  expected  de- 
pendences on  pressure  have  been  found,  with  the  additional 
feature  of  the  transition  from  homogeneous  to  Doppler  broad- 
ening being  reflected  as  a change  of  slope  in  all  three  cases. 
In  addition,  the  effect  of  a finite  pump  width  has  been  seen 
in  a negative  intercept  for  the  delay  at  p ^=0;  this  inter- 
cept is  approximately  1.5  times  the  FWHM  of  the  pump  pulse, 
which  indicates  that  only  the  initial  part  of  the  pump  is 
necessary  to  prepare  the  state  of  FIR  inversion.  And  finally, 
the  observation  of  the  transition  from  Dicke  superradiance  to 
swept-gain  superradiance  first  reported  in  Ref.  12  has  been 
corroborated  and  amplified. 
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III.  STIMULATED  RAMAN  EMISSION 
A.  Introduction 

D^O  vapor,  optically  pumped  with  a CO2  TEA  laser, 
has  been  under  study  regarding  the  nature  of  far-infrared  (FIR) 
emission  associated  with  pure  rotational  transitions.  In  the 
course  of  preliminary  research,  several  features  of  particular 
interst  emerged  which  have  been  subjects  of  further  investiga- 
tion. The  50  urn  and  66  wm  emission  lines,  pumped  with  the  9.66 
pm  P(32)  CO2  line,  have  been  shown  to  constitute  stimulated 
Raman  emission  and  to  lie  2 GHz  from  corresponding  ground 
state  and  V2  rotational  transitions.  This  is  to  be  compared 
with  the  measured  1.1  GHz  detuning  of  the  CO2  pump  from  the 
relevant  000  ^g^/^gQ  -►  010  IR  absorption  doublet  (energy 

level  notation  is  k+1^'^^  Several  other  D2O  transition  de- 

tunings from  CO2  pump  lines  were  measured  as  summarized  in 
Table  II  of  Appendix  II. 

Various  emission  line  assignments  were  made  on  the  basis 

1 4 

of  recent  spectroscopy  of  the  V2  band  of  D2O.  The  scheme 
of  the  P(32)  pump  line  and  observed  emission  lines  is  shown  in 
Fig.  9.  Neglecting  the  weak  83  pm  cascade  transition  and  the 
116  urn  line,  the  system  is  comprised  of  three  radiation  fields 
present  on  the  dipole-allowed  transitions  connecting  four 
molecular  level.s.  We  have  undertaken  the  analysis  of  such  a 
system  in  the  homogeneously  broadened  regime  by  means  of  a 
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quasi-static  density  matrix  formalism,  and  have  derived  exact 
algebraic  expressions  for  wave  gain  profiles  which  point  to 
nonlinear  mechanisms  of  wave  coupling.  This  analysis  has 
been  incorporated  into  a computer  program  in  which  the  evolu- 
tion of  the  66  um  and  50  um  emission  in  a single-pass  system 
is  modeled. 

B.  Analysis 

The  four-level  density  matrix  analysis  applied  to  the 
□2©  system  indicates  that  two-photon  processes  such  as  optically 
pumped  lasing  and  stimulated  Raman  emission  are  significantly 
modified  by  an  interaction  with  an  intense  third  radiation 
field.  The  system  of  coupled  density  matrix  equations  has 
been  solved  quasi-statically  ( in  the  t>>T2  limit) , neglecting 
off-resonant  and  transient  terms  in  favor  of  terms  with  small 
resonance  denominators.  Albebraically  exact  expressions  have 
thus  been  derived  for  the  off-diagonal  elements  of  the  density 
matrix  in  terms  of  arbitrary  field  intensities,  population  dif- 
ferences, detunings,  and  phenomenological  dephasing  and  damping 
processes.  Field  gains  can  then  be  cast  in  a form  in  which 
terms  are  grouped  by  population  differences  and  contributions 
to  the  net  gain  by  one-, two-,  and  three-photon  processes  are 
thereby  elucidated. 

In  the  level  configuration  depicted  in  Fig.  9,  applicable 
to  the  D2O  system,  the  gain  assumes  the  form: 
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Gi  <*  a^(n2-n^)  + a2(n2-n^)  + 

where  (n^-rij)  is  the  population  difference  between  levels  i 
and  j,  are  coupling  factors  peaked,  respectively,  near 
i-photon  resonances,  and  are  the  Rabi  frequencies.  The 
are  f ield -dependent , and  account  for  relative  polarizations 
of  the  interacting  fields  as  well  as  AC  Stark  shifts.  Exact 
field  intensity-dependent  expressions  have  been  derived  for 
the  AC  Stark  shifts  and  i-photon  linewidths.  An  appropriate 
summation  over  sublevels  incorporates  the  effect  of  the  M- 
degeneracy  of  the  rotational  levels,  lifted  in  the  presence 
of  intense  optical  fields. 

In  the  D2O  system  of  Fig.  9,  the  50  um  ground  state  tran- 
sition cannot  be  inverted  on  a quasi-steady-state  basis  and 
laser  loss  is  predicted  on  resonance.  However  a two-photon 
(SRE)  gain  multiplier,  a2 , plotted  in  Fig.  10  as  a function 
of  frequency  and  66  um  field  intensity  at  a characteristic  D2O 
pressure  and  pump  intensity,  yields  a net  gain  of f-resonance 
under  population  conditions  characteristic  of  a saturated  66 
um  SRE  process.  This  partially  accounts  for  the  observed  de- 
layed onset  of  the  50  um  signal  (see  Fig.  3 of  Appendix  II) . 

C.  Experiment 

The  system  on  which  our  optically  pumped  D2O  research 
has  been  carried  out  is  essentially  that  described  in  Appendix 
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II.  Detunings  of  pump  and  FIR  fields  were  determined  on  the 
basis  of  pressure  dependence  of  absorption  in  D2O  as  described 
there.  Subsequent  modifications  have  included  improvement  of 
the  TEA  laser  transverse  beam  quality  and  stability  (by  geom- 
etrical modifications  of  the  CW  amplifier  section) , and  elim- 
ination of  the  Au-coated  back  reflector  and  all  surfaces  normal 
to  the  FIR  beam  to  ensure  single-pass  operation.  A cell  con- 
taining cyclopropane  at  variable  pressure  in  line  with  the 
pump  beam  allows  continuous  variation  of  pump  intensity  from 
shot  to  shot.  Net  66  ym  pulse  energies  and  their  shot-to-shot 
fluctuations  have  been  measured  as  functions  of  cell  length, 
pressure,  and  pump  intensity  in  the  single-pass  configuration. 

At  a pump  energy  of  72  mJ/pulse,  FIR  energy  fluctuations 
are  characteristic  of  saturation  of  the  66  urn  SRE  process  within 
a length  2.5  m,  assuming  an  incoherent  blackbody  source  at 
the  input  end  of  the  cell.^^  Gain  and  threshold  estimates  de- 
rived from  these  data  are  reasonable  within  the  context  of  our 
theoretical  understanding  of  the  system.  Real  time  measurements 
will  allow  detailed  comparison  with  the  single-pass  propaga- 
tional  model  we  have  developed. 

One  further  feature  predicted  by  our  analysis  is  currently 
under  study.  As  the  FIR  gain  profile  is  a function  of  field 
intensities,  a chirp  in  the  frequency  of  the  emitted  FIR  pulse 
is  to  be  expected  as  the  piamp  pulse  rises  from  FIR  threshold 
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to  its  peak  value.  This  is  being  studied  by  a time- re solved 
interferometric  technique  with  the  major  goal  of  identifying 
the  magnitude  of  the  chirp  and  hence  the  'start'  condition 
for  the  emission. 

D.  Conclusions 

Inroads  have  been  made  into  the  understanding  of  FIR 
emission  by  a molecular  system  optically  pumped  of f-resonance 
in  the  infrared.  The  SRE  mechanism  whereby  the  strong  66  urn 
and  the  50  urn  lines  are  generated  in  D2O  has  been  identified 
for  the  first  time.  Research  into  the  precise  field  and  mole- 
cular population  dynamics  is  well  underway  with  implications 
for  a variety  of  other  configurations  of  coupled  waves  in 
gaseous  systems. 
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FAR-INFRARED  SUPERRADIANCE  IN  METHYL  FLUORIDE* 

A.T.  Rosenberger  and  S.J.  Petuchowski 
Department  of  Physics 
University  of  Illinois 
Urbana,  Illinois  61801 

and 

T.A.  DeTemple 

Department  of  Electrical  Engineering 
University  of  Illinois 
Urbana,  Illinois 

Strong  superradiant  emission  at  496  urn  from  CH^F  opti- 
cally pumped  by  a CO2  TEA  laser  has  been  observed  in  the 
homogeneously  broadened  regime.  The  emitted  FIR  pulses  are 
asymmetric,  exhibit  no  ringing,  and  are  less  than  T2  in  width. 
The  FIR  pulses  are  calculated  and  observed  to  scale  with  the 
geometry  of  the  sample  in  a fashion  intermediate  between 
those  of  the  disk  and  needle  limits.  Reasonably  good  agree- 
ment is  found  between  the  observations  and  the  predictions 
of  a Maxwell-Bloch  treatment  in  which  either  the  initial 
tipping  angle  or  a linear  loss  is  considered  a free  parameter. 
The  FIR  emission  is  observed  to  vary  in  character  from  Dicke 
superradiance,  marked  by  effectively  simultaneous  excitation 
and  equal  forward  and  backward  intensities,  to  superradiance 
more  of  a swept  nature,  showing  forward-backward  asymmetry, 

it 
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although  in  our  short  samples,  the  steady  state  is  not 
achieved.  Qualitative  theoretical  support  for  this  is  pro- 
vided by  bidirectional  and  propagationless  Maxwell-Bloch 
models . 


I . Introduction 

The  cooperative  spontaneous  emission  of  radiation,  or 
superradiance , ^ should  be  observable  from  initially  fully  in- 
verted molecular  systems  which  have  high  gain  and  are  either 

2 

1)  shorter  than  a cooperation  length,  or  2)  inverted  by 
means  of  swept  excitation.^  The  emission  from  an  extended 
cylindrical  saimple  should  occur  as  delayed  pulses,  the  inten- 
sity, width  and  delay  of  which  depend  on  the  density  p of  ex- 
cited molecules  and  on  the  length  L and  cross-sectional  area 
A of  the  saunple.  The  dependence  of  the  delay  t^,  width  At, 
and  peak  intensity  I of  the  superradiant  pulses  on  the  charact- 
eristic time  T is  as  follows: 
s 


^o  * ^s' 

(1) 

At  . Tg, 

(2) 

I « N/Tg, 

(3) 

where  T. 


= 3t„  and 

N 


= T^p/gN  (4) 

Here  T^^  is  the  spontaneous  lifetime,  N = pal  is  the  number  of 
cooperating  molecules,  and  y is  a wavelength-  and  geometry- 
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4 

dependent  shape  factor: 

U = 3X^/87rA,  (F  >>  1;  disk) 

y = 3A/8L,  (F  <<  1;  needle) 


(5) 

(6) 


where  the  two  expressions  for  y apply  in  the  limits  of  large 
and  small  Fresnel  number  F = 2A/XL.  This  implies  qualitatively 
different  geometrical  dependences  of  the  pulse  characteristics 
at  constant  density  in  the  large  -F  and  small  -F  limits: 


For  a system  of  Fresnel  number  of  order  one,  an  intermediate 
geometrical  behavior  might  be  expected. 

The  far  infrared  should  be  a regime  well  suited  to  the 
observation  of  superradiance,  because  the  radiative  lifetimes 
of  rotational  transitions  are  long,  the  gains  on  these  tran- 
sitions can  be  high,  and  the  possibility  of  swept  excitation 
by  optical  pumping  exists.  The  first  observation  of  super- 
radiance, in  fact,  took  place  on  FIR  rotational  transitions 
in  HF,^  and  the  present  work  on  CH^F  is,  in  a sense,  its  com- 
plement. In  the  pressure  range  of  interest,  the  FIR  emission 
from  CH^F  is  homogeneously  broadened.  In  spite  of  this,  the 
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superradiant  pulses  extract  a large  fraction  of  the  energy 
available  at  the  time  of  emission,  and  so  we  claim  that  the 
process  involved  is  more  correctly  labeled  "strong  super- 
radiance" than  "limited  superradiance. As  can  be  seen 

7 

from  Table  I,  the  conditions  for  "strong  superradiance"  are 
satisfied : 


T3  « T2,  (7) 

a^L  >>  1 2.n(})^(  . (8) 

In  addition,  = T2  for  the  FIR  transition,  so  the  analysis 
of  Ref.  3 for  swept-gain  superradiance  applies,  provided  that 
the  pump  width  is  small  enough  and  the  sample  long  enough. 

In  Table  I are  defined  and  listed  the  various  times  and 
other  parameters  associated  with  a particular  set  of  experi- 
mental conditions.  The  experiments  and  results  are  described 
in  Section  II,  the  results  are  discussed  and  compared  with 
theoretical  predictions  in  Section  III,  and  in  Section  IV  the 
assumptions  of  the  theory  and  the  implications  of  the  experi- 
mental observations  are  summarized. 

II . Experiments 

The  energy  level  diagram  in  Fig.  1 and  the  experimental 
apparatus  of  Fig.  2 have  been  described  in  detail  in  Ref.  6, 
and  only  the  main  points  of  interest  will  be  repeated  here. 
The  pump  in  Fig.  1 can  be  preferentially  absorbed  in  either 
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K ( 1 or  2)  manifold,  although  K = 2 is  more  probably  domin- 
ant because  of  the  larger  matrix  element.  The  resultant  FIR 
emission  will  be  at  496  ym  with  a 40  MHz  frequency  difference 
between  the  two  possible  FIR  lines.  Rotational  (AJ)  relaxa- 
tion yields  a 40  MHz/torr  homogeneous  linewidth  and  a nonzero 
equilibrium  population  difference.  (Table  I) . 

The  CO2  TEA  laser  in  Fig.  2 has  been  mounted  in  an  Invar 
frame  for  improved  stability  and  emits  a single-mode,  120 
nsec,  1.2  MW  pulse  which  is  truncated,  35  nsec  before  its 

g 

peak,  to  a width  of  about  30  nsec.  This  early  cutoff  ex- 
tends the  pressure  range  in  which  the  pump  and  FIR  pulses  do 
not  temporally  overlap.  The  positions  of  the  absorber  and 
the  detector  system  may  be  interchanged  to  allow  observation 
of  FIR  emission  in  the  direction  opposite  that  of  the  propaga- 
tion of  the  pump. 

The  cutoff  pump  pulse  and  two  typical  FIR  superradiant 
pulses  are  shown  in  Fig.  3 in  synchronous  oscilloscope  traces. 
The  low  tail  on  the  pump  pulse  is  the  result  of  a slight  im- 
pedance mismatch  between  a pulse  amplifier  and  the  oscillo- 
scope. The  FIR  pulses  are  multiple  traces  to  show  shot-to- 
shot  fluctuations;  notice  that  there  is  no  ringing  (ringing 
has  not  been  observed  on  any  FIR  pulses  occurring  after  cutoff 
of  the  pump)  and  that  the  pulses  are  asymmetric.  The  quali- 
tative pressure  (hence  density,  since  the  pump  is  saturating 
the  IR  absorption)  dependence  is  also  evident. 


33 


The  pressure  dependence  is  better  shown  in  Fig.  4,  where 
the  data  plotted  are  for  a cell  4.7  m long  and  the  lines  are 
least-square  fits  to  the  data.  The  linear  variation  of  de- 
lay and  width  with  inverse  pressure,  and  of  the  average  peak 
intensity  with  pressure  squared,  is  evident  as  expected, 
with  slight  discrepancies  which  are  qualitatively  understood: 
negative  delay  at  high  pressure,  and  deviation  from  linear 
behavior  at  low  pressure.  The  delay  is  measured  from  the 
cutoff  of  the  pump  pulse,  so  that  the  finite  width  of  the 
pump  and  the  onset  of  swept  gain  at  higher  pressure  are  re- 
sponsible for  the  negative  delay  and  deviations  in  width  and 
g 

intensity.  The  onset  of  Doppler  broadening  below  0.08  torr 
is  thought  responsible  for  the  deviation  at  low  pressures. 

All  the  pulses  are  less  than  T2  in  width. 

Comparison  of  the  results  for  two  samples  identical  ex- 
cept for  length  is  shown  in  Fig.  5.  The  qualitative  behavior 
is  again  the  same,  but  a comparison  of  the  slopes  of  the 
least-square  linear  fits  for  the  two  sample  lengths  shows  a 
behavior  intermediate  between  that  of  the  disk  and  that  of 
the  needle,  as  given  following  Eq.  (6) . The  ratio  of  the 
intensity  of  the  forward  pulse  to  the  intensity  of  the  back- 
ward pulse  was  investigated  as  a function  of  pressure,  but 
the  results  were  inconclusive.  How.^ver,  a similar  measurement 
on  a 5.9  m sample  confirmed  the  findings  of  Ref.  9:  that  the 
ratio  is  nearly  equal  to  one  at  low  pressures  and  becomes 
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large  at  higher  pressures,  when  the  excitation  develops  a 
swept  character.  One  would  expect  a ratio  of  one  at  even 
higher  pressures  in  a shorter  cell. 

Ill . Comparison  with  Theory 

In  comparing  our  results  with  theory,  pump  effects,  and 
level  degeneracy  are  neglected  and  a Maxwell-Bloch  approach 
with  an  input  field  fluctuating  randomly  in  phase  to  simulate 
spontaneous  and  black-body  emission,  much  as  in  Ref.  7,  is 
used.  The  coupled  equations  are  written  in  complex  form  as 
follows : 

^ P = - P/T2  + ER,  (9) 

^ R = -(R-R^)/Tj^  - Rg(EP*),  (10) 

E = - kE  + aP,  (11) 

where  P = - P/pu  12'  ^ ^ '^12  dipole 

matrix  element  between  the  two  FIR  levels  and  P and  e the 

complex  polarization  and  electric  field  amplitudes;  R = 

(N2-Ni)/N,  the  normalized  population  difference,  having  an 

equilibrium  value  R^  < 0.  The  times  Tj^  and  T2  are  equal  for 

the  transition  under  consideration,  a = (T  L)  ^ (T  is  here, 

s s 

and  in  the  following,  evaluated  in  the  disk  limit),  and  k is 
a linear  loss  to  approximate  diffraction.  It  was  found  that  a 
reasonable  fit  could  be  obtained  by  choosing  a credible  value 
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for  either  k or  and  then  treating  the  other  as  a free  para- 
meter. Two  representative  examples  are  given  in  Table  II. 

The  observed  delay  listed  in  Table  II  is  that  measured  not 
from  pump  cutoff  but  from  the  p ^ = 0 intercept  and  thus  is 
an  overestimation. 

The  Maxwell-Bloch  equations  (9) -(11)  were  modified  to 
treat  propagation  in  both  directions,  qualitatively  confirming 
the  pressure  dependence  of  the  forward/backward  intensity  ratio 
observed  in  longer  cells  and  discussed  in  more  detail  in 
Ref.  9.  The  ratio  was  calculated  to  increase  with  increasing 
pressure.  In  the  numerical  calculations,  the  asymmetry  of 
the  resulting  pulses  matches  that  observed,  and  ringing  is 
predicted  only  for  unphysically  large  densities  or  initial 
tipping  angles. 

If  one  assumes  no  spatial  variation  in  the  electric 
field,  and  = 0,  the  intensity  predicted  by  Eqs.  (9) -(11) 
has  the  form 

I(t)  = (ha)QyN^/4Tg^  z^sech^  [B  (1-z)  - a],  (12) 

where  z = exp(-t/T2),  3 = T2/2T^  , and  a = in(2/(J)^).  This 
functional  form  applies  both  to  the  pure  Dicke  case  L << 

3 

and  to  the  steady-state  "swept  superradiant"  case.  To  see 
the  connection  with  the  latter,  note  that  by  using  the  disk 
expression  for  y,  Eq.  (5),  and  replacing  L by  an  effec- 

tive loss  length,  one  may  recover  the  intensity  predicted  for 


36 


the  steady-state  case  with,  of  course,  t being  the  retarded 

time.^  This  applies  to  L >>  L and  L >>  k It  is  reason- 

c 

able  to  seek,  then,  a fit  to  this  form  for  the  case  L ^ L 

c 

if  an  effective  length  ^eff  is  used  in  Eq.  (14) ; this  is,  in 
fact,  possible,  and  with  the  experimental  data  a fit  is  found 
for  = .225  L.  This  may  be  compared  with  the  Maxwell- 

Bloch  prediction  that  shows  spatial  variation  in  the  fields 
and  polarization:  only  the  forward  ^ to  j of  the  sample  con- 
tributes appreciably  to  the  emission. 

IV.  Discussion 

It  has  been  observed  that  the  FIR  emission  is  sensitive 

to  the  exact  nature  of  the  shape  and  frequency  of  the  pump 

pulse,  and  this  is  reflected  in  a sensitivity  of  the  Maxwell- 

Bloch  model  to  the  specific  choice  of  initial  conditions.  A 

prescription  for  (ji^  is  not  yet  evident,  but  it  appears  to  de- 

pend  more  on  N ''  than  (yN)  ' in  these  experiments.  ' ' 

The  field  losses  arrived  at  in  Table  II  are  not  consistent 

with  the  FIR  evolving  as  a single  mode  guided  wave  loss 

< 5x10  ^cm  but  are  comparable  to  multimode  diffraction 

-3  -1 

losses  (k  'V  5x10  cm  ) , and  to  absorption  of  the  thermally 
populated  levels  in  unexcited  regions  (k  10~^cm''^)  From 

these  studies,  the  experimental  uncertainties  are  such  that 
A,  (|)q,  ic  and  perhaps  p can  be  chosen  consistently  to  yield 
calculated  results  in  good  agreement  with  experiments.  In- 
frared nutation  due  to  the  large-area  coherent  pump  also  may 
play  a role  and  should  be  included  in  the  semiclassical  model. 
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as  should  the  finite  width  of  the  pump  pulse.  A first  step 

9 

to  do  this  has  been  taken. 

To  sununarize,  FIR  superradiance  in  homogeneously  broadened 
CH^F  is  "strong"  superradiant  emission  of  single  asymmetric 
pulses  of  width  less  than  T2/  showing  the  expected  dependence 
on  density  and  exhibiting  shot-to-shot  fluctations  which  are 
probably  due  to  variation  in  the  pump.  The  geometrical 
character  of  the  samples  is  calculated  and  observed  to  be 
intermediate  between  the  two  limits  of  large  and  small  Fresnel 
number.  The  ratio  of  forward  to  backward  intensities  supports 
the  hypothesis  of  the  onset  of  swept  gain  in  long  cells  at 
high  pressures.  A Maxwell-Bloch  approach  with  either  or 
linear  loss  < a free  parameter  allows  a quantitative  fit  to 
the  observations,  and  by  including  bidirectional  propagation, 
the  pressure  dependence  of  the  forward/backward  ratio  is 
qualitatively  reproduced  for  very  long  cells.  The  relation 
to  swept  excitation  is  also  shown  in  the  effective-length 
fit  of  what  was  called  in  Ref.  6 the  "semiclassical  mean-field 
theory",  shown  here  in  Eq.  (12).  The  possibility  thus  ex- 
ists in  CH^F  of  observing  superradiance  in  regimes  ranging 
from  L < to  the  steady-state  swept  case. 
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Table  I.  Experimental  parameters  for  the  case  L = 3.5  m, 

2 

A = 11  cm  , and  p = .250  torr. 


X 

496  pm 

p 

2.61xl0^2(,jn' 

N 

1.01x10^^ 

a L 

125 

o 

4> 

o 

2.6x10"® 

Un'()ol 

17.5 

R 

e 

-4.3  10"2 

L 

53  cm 

c 

T 

229  sec 

sp 

T 

s 

0.256  nsec 

32  nsec 

* 

^2 

366  nsec 

Above,  p is  the  excited  density  cind  N = pAL  the  excited 

number  at  pump  cutoff,  a^L  is  the  field  gain  per  pass,  = 

(N.,-N,)e/N  is  the  equilibrium  population  fraction,  L = 

2 ^2^/2 

(Ott  cTgp/3pA  ) is  the  cooperation  length,  and  = 

2 

8irTgp/pX  L is  the  superradiant  lifetime. 
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Table  II.  Sample  comparison  of  experiment  with  theory  for 

2 

the  case  L = 3.5m,  A = 11  cm  . 


p ( torr) 

t^ (nsec) 

At (nsec) 

I(W) 

Observed 

125±6 

41±5 

67^2 

.123  Calculated 

(1) 

109 

49 

10 

Calculated 

(2) 

99 

42 

13 

Observed 

62±5 

22±3 

24±8 

.250  Calculated 

(1) 

56 

25 

32 

Calculated 

(1) 

53 

23 

38 

(In  this  table,  the  delay  t_  is  measured  from  the  verti- 

_1  ® 

cal  intercept  of  t^  vs.  p in  Fig.  5 and  is  therefore  an 
overestimate,  as  noted  in  the  text) . 


Calculation  (1) : 


Calculation  (2)  ; 


< = 2.15x10  ^cm  ^ 

<p  (.123)  = 2.3x10 
o 

(<>^(.250)  = 2.6x10 

1C  = 3.00xl0“^cm"^ 
(t),(.123)=  6.2xl0~ 

w 

<J)^(.250)  = 4.4x10 


Figure  Captions 
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Fig . 1 


Fig.  2 
Fig.  3 

Fig.  4 


Fig. 


Partial  energy  level  diagram  for  CH^F  pumped  by  a 
CO2  laser.  The  two  fastest  relaxation  rates  are 
= 1.3x10®  sec"^torr“^  and  = 1.2x10^  sec"^ 
torr  The  fractional  populations  in  the  initial 

ground  states,  f(J,K),  are  f(12,l)  = 6.89xlo”^, 
f(12,2)  = 6.49x10“^. 

Experimental  apparatus. 

Typical  pump  (upper  photo)  and  FIR  pulses.  All 
scales  are  50  nsec/division,  and  the  displays  are 
synchronized. 

2 

Results  for  a sample  with  L=4.7m,  A=7  cm  . 

The  straight  lines  are  least-square  fits  to  the  data; 

their  slopes  are  pt^  = 17.7  nsec  torr,  pAt  = 5.82 
2 2 

nsec- torr.  I/p  * 421  W/torr  . The  homogeneously 

broadened  regime  lies  below  p”^  = 12  torr~^,  or 

2 2 
above  p = 0.007  torr  . 

2 

. Results  for  samples  with  A = 11  cm  , L = 3.5  and 
2.3  m.  The  least-square  slopes  are  pt^(3.5m)  = 15.4 
nsec-torr,  ptQ(2.3ra)  » 16.9  nsec-torr;  pAt(3.5m)  = 
5.08  nsec-torr,  pAt(2.3m)  = 6.99  nsec-torr;  I/p^(3.5m) 
384  W/torr,  I/p^(2.3m)  = 212  W/torr^. 


L = 2.3  m 


9.6  fjLm  CO2 


laaaassasi 

laaaaaaa 

laaaasaa 

laaaaxaa 


p = .320  torr 
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Stimulated  Raman  Emission  in  Infrared  Excited 
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Ab$iraet-Vum%  dit  praMMiw  <i«p«fidaac«  of  abtorpoon,  abaoqiaoa 
cocfBoMitt  and  d«tiuun|i  w«m  maaaurad  for  CO^  pump  lin«  and  iha 
tvon|  far  uifraind  emiaaion  in  opdcatty  pumpnd  0^0.  TIm  P (32)  CO^ 
Un«  waa  found  (o  ba  datunnd  "1.3  GHz  from  tha  vj  band  tranaioona 
65  " Sj,  S4.  T)m  raaulttng  emiMion  Imaa  al  30.3  wm  and  66  utn 
waia  found  to  ba  datuned  from  (hair  mpacdva  iranaioona  by  about  tha 
tama  amount  On  tha  banaa  of  thaaa  maanuiamanla  aiwl  gam  eaiunataa 
for  (ha  far  infraiad.  (ha  raauJiint  emiaiion  Unaa  aia  idanOfiad  u i(imu' 
laaad  Raman  amiaaion. 


I.  Introduction 

INTEREST  in  far  infrared  (FIR)  emission  from  optically 
pumped  D]  0 vapor  stems  from  observations  of  high  infrared 
to  FIR  conversion  efficiency,  ranking  it  along  with  C'^HiF  as 
one  of  the  stronger  pulsed  FIR  sources  (1)'[3)  Recent 
spectroscopic  data  have  indicated  that  many  of  the  pump 
lines  ace  detuned  many  Doppitt  widtha  fiom  their  respective 
D]0  absorptions  suggesting  that  off-resonant  pumping  is 
responsible  for  the  strong  emission  [4]  Onginally  postulated 
to  explain  FIR  emission  in  NH).  off-resonant  pumping  is 
essentially  wing  absorption  with  resulting  FIR  emission  on  or 
near  FIR  line  center  |S]  An  equally  consistent  and  some- 
times stronger  off-resonant  effect  is  stimulated  Raman  emis- 
sion, which  results  in  the  FIR  being  emitted  off-resonance  by 
an  amount  equal  to  the  pump  detuning-  In  this  article  we 
present  evidence  for  stimulated  Raman  emission  in  0}0  vapor. 

In  the  next  section,  (he  expenment  is  discussed  along  with 
our  recent  spectral  measurements  and  line  identifications.  In 
Section  111.  FIR  frequency  detuning  measurements  are 
presented  along  with  Raman  and  laKr  gain  estimates  while 
(he  results  are  summanzed  in  Section  fV. 

II.  Experiment 

In  Fig.  1 IS  shown  the  experiment  which  was  composed  of 
a CO]  TEA  laser,  a 3 5 m long  FIR  cell,  a grating  mono- 
chromator. and  an  external  absorption  cell  for  wavelength  and 
fine  frequency  measurements.  The  CO]  laser  operated  on  a 
single  transverse  and  longitudinal  mode,  the  latter  obtained 
with  the  use  of  a CW  low  preuure  CO]  amplifier  section.  Using 
this  technique  the  laser  (MciUated  on  CO]  line  center  t30  MHz 

-Manuacnpi  received  February  7.  i977  Thu  work  wai  supported  by 
’he  Army  Research  Office.  Durham,  and  the  University  of  llUnoii 
industrial  AffUiaiet  Propam 

% i Petuchowskt  and  A.  T Rosenberier  arc  with  the  [iepartmeni  of 
Physics.  Univenity  of  Illinois.  Urbana.  IL  61801 
T A DeTemple  u with  the  Department  of  Electrical  Enpucenni. 
University  of  Illinois.  Urbane.  IL  61801 


Fig.  1 Expcnmental  arrangement  The  absorption  cell  length  was 
varied  between  I m and  20  cm 

with  a single  pulse  spectral  panty  of  belter  than  10  MHz 
including  chirp  [6) 

The  CO]  pulse  entered  the  FIR  ceil  through  a NaCl  Brewster 
window  and  was  retlected  into  (he  active  region  by  a Si 
Brewster  window  The  interior  portion  of  the  Brewsier 
window  was  coated  with  a multilayer  Ge-ZnS  IR  mirror  lu 
provide  >90  percent  reflectivity  throughout  the  COj  pump 
lines  for  the  F-polanzcd  pump  [7j  This  nurror  nad  an  esti- 
mated FIR  absorption  of  <10  percent  for  wavelengths  near 
50  urn. 

A single  Au-coated  flat  was  used  as  a back  retlector  while  .the 
output  was  transmitted  either  through  another  Si  Brewsier 
wmdow  or  through  a normal  incidence  high  density  poly- 
ethylene window.  Most  of  the  measurements  were  performed 
with  the  latter  which  implies  a very  low  Q FIR  cavity 

In  view  of  the  fact  that  there  was  only  one  line  common  to 
the  previous  two  spectral  .measurements  of  the  FIR  emission 
from  D]0,  we  reanalyzed  the  spectral  content  associated  with 
the  strong  emission  using  the  P (32)  9 6 ^ pump  ( 1 1 . [2| 

This  was  performed  with  a ^ m grating  spectrometer  using 
various  FIR  gratings  m vanous  orders  and  using  higher  orders 
of  the  weakly  transmitted  COj  as  a wavelength  marker  The 
accuracy  of  the  measurements  was  sO  1 with  the  lesults 
m basic  agreement  with  previous  observations  [ t ] 

Using  the  recent  (/]  band  conventional  spectroscupt*.  mea- 
surements and  resulting  auignmenu  of  Shaw  and  Lm.  we  have 
been  able  to  identify  all  IR  and  FIR  transitions  which  are 
listed  in  Table  I [4] . (8) . The  starred  entries  are  new  assign- 
ments. The  notation  is  7,  where  - A*,  and  the 

stron^y  allowed  transitions  satisfy  Xf^O,  t\  and  Ar«0. 
t:  (91 

A partial  energy  level  diagram  for  the  P (32)  transition  is  4 

shown  in  Fig.  2.  Based  on  the  results  of  Shaw  and  Un.  the 
insert  shows  the  positions  of  the  two  transitions  relative  to 
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Ftf.  4 Smail  upiai  4b«orpt>on  coefncwat  ai  P(32)  AUo  ihown  it 
th«  line  center  aMorption  coerfiaent  for  1 4 it  the  detuninf  from  i. 


the  detunini.  Hence,  a measured  vaJue  of  a versus  can 
yield  the  detuning  (12) 

There  are  twu  major  sources  of  error  involved  in  applying 
this  technique  to  frequency  measurements.  The  first  is  in  the 
broadening  rates  for  individual  transitions.  From  available 
data  in  H)0  and  0)0.  the  broadening  rates  range  from  26-60 
MHz/torr  implymg  a detuning  error  of  £25  percent  for  an 
assumed  average  broadening  rate  of  40  MHz/torr  (2).  (13). 
(14)  The  second  source  of  error  u in  the  possibility  of 
absorpuon  due  to  nearby  transitions,  which  is  correctable 
only  to  within  the  accuracy  with  which  the  spectra  are  known 
From  available  sources  we  estimate  the  accuracies  to  be 
ground  sute  FIR.  tlOO  MHz.  pj  IR.  £400  MHz.  w,  FIR 
£400  MHz  (15)-{17). 

Because  of  the  known  uncertainties  of  the  IR  transitions, 
particularly  11  m Fig.  2.  and  as  a check  on  the  technique,  ab- 
sorption coefficients  and  detuningi  were  measured  for  a few 
CW  pump  lines  listed  in  Table  1(18)  An  example  of  the  data 
for  P(32)  IS  shown  in  Fig.  4 The  results  are  presented  in 
Table  11  with  the  deiunings  obtained  using  « 40  MHz/ 
lorr.  a value  based  on  our  measured  R f22)  absorption  coef- 
ficient and  the  known  detuning  of  -318  VHz  (2).  (12) 
These  data  essentially  confirm  the  magnitude  of  the  calculated 
detunings  (4) 

For  ihe  case  of  Pf32),  the  analysis  was  complicated  by  the 
presence  of  the  two  transitions  shown  m Fig  2.  For  two 
absorbing  transitions  there  are  generally  four  possible  Ime 
locations  which  result  in  the  same  value  of  absorption.  For 
the  specific  case  of  widely  separated  strong  and  weak  transi- 
tions. the  locations  are  approximately  symmetric  about  each 
transition.  For  the  data  in  Fig.  4.  the  resulting  candidate 
line  positions  are  t8S5  .MHz  about  I and  £500  MHz  about  II. 
But  because  of  the  lineanty  of  in  Fig  4 and  the  vanation  m 
Q over  the  tuning  range  of  the  CW  CO)  laser  we  have  deduced 
that  the  most  likely  line  location  is  -500  MHz  from  II  and 
S GHz  from  I (19)  Hence,  the  pump  appears  to  be 
above  the  1 line  center  by  ~30  Doppler  widths. 

The  technique  was  then  applied  to  the  FIR  signals.  Pnor 
to  propagating  through  the  absorption  cell,  the  intense  f^kW) 
FIR  pulses  were  filtered  and  attenuated  to  low  levels  (<W)  to 
prevent  saturauon.  The  apparent  absorption  cocfllaent  wu 
then  measured  as  i function  of  preuure  in  both  the  source 
and  absorption  cells  with  the  resulting  data  shown  in  Fig.  S 
Each  data  point  represents  an  enerfy  absorption  coefficient 
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Fif.  5 (at  Meaiured  FIR  abtorption  coatflaani  for  tha  50  urn 
A II  the  ma^iiude  of  the  4etumn|  from  — 7^  » ibi  McaiureC 
FIR  absorption  coefficient  for  the  66  Mm  uipul  a u ‘he  mapiitude 
of  :he  detuninc  from  4-]  4)  4 -•  54  f Also  shown  are  line  center  sb- 
sorption  :oeffktcntt.  and  a(p^)  aversfed  over  the  evpcrtmeniai 
ranfc  of  lourcc  cell  preuures  l-S  torr 


averaged  over  ^100  FIR  pulses  Part  of  the  Kttter  is  thus 
attributed  to  fluctuations  in  the  pump  and  FIR  amplitudes 
As  can  be  seen  in  this  figure,  the  $0  uw  signal  appeared  to  be 
detuned  2.1  GHz,  which  is  slightly  greater  than  the  estimated 
pump  detuning  of  15  GHz.  The  upi  of  the  FIR  detuning 
could  not  be  determined. 

For  the  66  jam  case,  the  absorption  a dominated  by  the 
ground  state  transition  6.,  ••7|  with  a calculated  location 
5.75  GHz  below  die  V)  FIR  transitions  Because  of  the  strong 


48 


KKTUCHOWSKI  tt  4l.  STIMULaTFD  KAMAN  KMISSION 


I AHl  I I 

L)-0  Assic.syj  Sts 


p'jHF*  Abs.  lAML.  r:f>(.si  tkamsit:on 


wool*' 


0 '00  200  500  400 


’■'Mf  n««ci 

Pif.  3 Sync2iromx«d  inadent  and  trincniKted  CO^  pubei.  and  emitted 
FIR  pubes  Incident  CO^  - 0 6 MW,  emitted  FIR  -kW  The  FIR 
detector  wts  Si  at  2 K with  a tpeed  of  -5  ns  ( 10|  Source  cell  pres- 
sure- 3.4  ion 


*>  i .»  k*ni}» 
Woviy  Aaeiqr*'! 


SC  5f<m 

• I 

/> 

f-it-i  -m 

irwMi 

' B 

">32, 

f i|{.  2.  Partiai  energy  level  tiuig;am  near  (he  Pt32>  luie.  Insert  shows 
•he  line  positions  and  streninhs  based  on  i;onventional  tpectrotcopic 
studies  f4) 

P(32)  with  the  height  being  the  relative  absorption  [4).  [9| 
The  doublet  transition  from  6$  and  is  thought  to  be  split 
by  less  than  the  Doppler  width  (SO  MHz)  [4|.  Because  the 
pump  IS  essentially  single  frequency  and  detuned  Dop- 
pler widths  from  the  strongest  absorption,  the  question  arises 
as  to  the  nature  of  the  resulting  FIR  emission-laser  or  stimu- 
lated Raman.  In  what  follows  we  present  evidence  that  the 
65.9  um  and  the  50 J urn  transitions  are  due  to  stimulated 
Raman  emission  while  the  82.6  um  appears  to  be  a cascade 
laser  transition.  The  1 19  mhi  transition  wu  not  investigated. 

Preliminary  evidence  for  the  Raman  effect  came  from 
temporal  measurements  of  the  vinous  ngnais  shown  in  Fig.  3. 


Pnor  to  the  onset  of  the  FIR,  the  CO}  absorption  coefficient 
wu  slightly  leu  than  the  small  signal  value  (to  be  discussed 
in  the  next  section)  indicating  some  small  saturation.  Dunng 
the  occurrence  of  the  FIK,  the  peak  absorption  coefficient  wu 
a factor  of  2 larger  than  the  small  signal  value.  This  is  incom- 
piubU  with  both  FIR  waves  being  on  resonance  because  at 
best  only  the  small  signal  absorption  coefficient  could  be 
recovered  by  having  saturating  FIR  waves  present. 

However,  pump  depletion  and  an  apparent  intensity  depen- 
dent absorption  coefficient  are  both  characterutic  of  a strong 
parametric  effect  such  as  stimulated  Raman  emiuion.  An 
alternate  explanation  of  the  mcreiMd  absorption  might  be 
either  a two-step  or  two-photon  ( IR  -v  IR  or  IR  v FIR)  absorp- 
aon.  From  the  available  spectroscopic  data  for  2F}.  v,  , 
and  vj . we  have  calculated  that  the  smallest  detuning  for  the 
latter  processes  is  >10  GHz  making  the  postulated  Raman 
more  favorable  solely  on  the  buis  of  detuning  (4| . ( 1 1 1 


III.  DETUNiNr;  Measurements 
One  of  the  major  characteristics  which  distinguish  the 
stimulated  Raman  signal  from  a laser  signal  is  the  optical 
frequency  In  the  latter  case  the  frequency  wiU  be  at  the 
molecular  frequency  while  in  the  former  case,  the  irequency 
will  be  detuned  trom  the  molecular  frequency  by  an  omoum 
equal  to  the  pump  detuning.  In  order  to  meuure  the  ex- 
pected small  frequency  shift,  a second  0}0  cell  was  used  u a 
spectrometer,  and  is  shown  m Fig.  1 . 

For  an  assumed  detuning  much  larger  than  the  Doppler 
width,  the  wing  absorption  coefficient  is  given  by 
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where  2 and  1 refer  to  the  upper  and  lower  levels.  g|  is  the 
level  degeneracy,  /4})  ii  the  reciprocal  radiative  lifetime.  Avff 
IS  the  homogeneous  line  width  (FWHM).  and  v and  rq  are 
the  optical  and  rnolecuJar  frequencies.  Since  both  the  popula- 
tion difference  and  the  line  width  are  proportional  to  pressure 
p,a‘^p^  with  a slope  inversely  proportional  to  the  square  of 
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ground  state  transition,  there  are  only  two  candidate  line  loca- 
tions, Tl.8  GHz  and  '6.7S  GHz  relative  to  the  66  urn  line 
center.  The  latter  is  rejected  because  it  is  inconsistent  with 
any  Raman  or  laser  process.  The  weak  83  ^im  signal  was 
absorbed  strongly  at  all  pressures  and  appeared  to  be  on  or 
very  near  laser  resonance.  A consistent  interpretation  of 
these  results  is  that,  by  virtue  of  the  measured  !R  and  FIR 
detunings,  both  the  SO  and  66  unt  signals  are  due  to  separate 
stimulated  Raman  processes,  with  perhaps  a small  ac  Stark 
shift,  while  the  83  lan  signal  appears  to  be  a cascade  laser 
transition.  As  a further  check  on  this,  we  can  estimate  the 
respective  small  signal  gain  coefficients  and  Stark  shifts. 

Using  a density  matrix  description  of  two  waves  interacting 
in  a three-level  system  in  the  near-resonant  approximation,  the 
gam  at  the  emitted  frequency  can  be  expressed  as 

• +03J  fF*i(«3  - + F'jf/ii  - ffj)]  (2) 

where  the  +<-)  sign  refers  to  the  inverted  (normal)  vee  con- 
figur8tt<m  shown  in  Fig.  6 and  is  the  homogeneous  cross- 
section  at  line  center  for  the  3^2  transition  [20] . F|  and 
F}  are  the  laser  and  Raman  cross  section  multipliers,  respec- 
tively, with  Fi  proportional  to  the  pump  interuity.  The 
explicit  forms  of  Fi  and  Fj  are  listed  in  the  Appendix.  In 
Fig.  6,  Ft  and  F3  are  shovm  versus  the  emitted  frequency  de- 
tuning for  a fixed  pump  detuning  with  normalized  pump 
intensity  as  a parameter.  The  values  are  representative  of  the 
experimental  situation  in  Fig.  3.  Two  key  features  to  note 
are  that  the  laser  and  Raman  resonances  are  ac  Stark  shifted 
by  the  same  amount  in  opposite  directions  and  that  the  magni- 
tude of  F)  is  not  negligible  compared  with  Ft-  For  the  in- 
verted vee  configuration  appropriate  to  the  66  tan  transition, 
Raman  gain  exists  for  /i]  >113.  which  is  certainly  the  case  for 
weak  pump  saturation.  For  the  normal  vee  configuration 
appropnate  to  the  SO  fan  transition,  Raman  gain  requires  > 
rii,  which  is  also  satisfied  for  a weak  pump  [21],  [22]. 
Hence,  both  transitions  may  undergo  separate  laser  or  Raman 
transitions. 

The  gam  coefficients  are  estimated  by  approximating  the 
populations  with  a steady-state  value.  For  the  conditions  in 
Fig.  3 at  the  time  of  onset  of  the  FIR,  the  Raman  and  laser 
gains  at  50  um  are  found  to  be  0.5  cm’*  and  -7  cm'* . respec- 
tively (assuming  1.5  GHz  pump  detuning,  U *0.1  correspond- 
ing to  ^300  kW/cm^).  For  66  tan  the  gains  are  estimated  to 
be  0.7  cm’*  and  0.5  cm’*  for  the  Raman  and  laser  cases. 
Because  of  the  higher  gam,  the  66  tan  Raman  signal  should 
build  up  ilrst  followed  by  the  50  fan  signal.  This  is  evident  in 
Fig.  3. 

Also  evident  in  Fig.  3 is  an  inflection  point  in  the  66  um 
signal  which  correlates  with  the  onset  of  the  50  tan  signal. 
Considering  the  inverted  vee  configuration  in  Fig.  6,  a 66  um 
Raman  process  results  in  a preferential  population  of  2 with 
resultmg  wing  absorption  of  the  Raman  signal  due  to  the  2 3 

transtiion.  In  contrast,  a 50  um  Raman  signal  populates  3 
which  would  decrease  this  absorption  increasing  the  net  66  tan 
Raman  gam  and  resulting  output  u observed. 

It  is  also  interesting  to  note  the  predicted  loss  for  the  50  am 
case.  In  fact  even  with  a saturating  pump  and  66  am  signal, 
laser  or  Raman,  there  is  still  a predicted  50  am  laser  lo»  of 


Fig.  6.  CaicuUted  vilues  of  Fx  md  Ft  versus  normalized  FIR  fre- 
quency 2(r32  'rfilAvff.  Labels  a and  b refer  to  S values  of  0.1  ind 
0.3,  respectively,  with  fi  proportional  to  pump  intensity  as  defined  in 
the  Appendix.  The  urows  show  the  pump  location.  Insert  shows 
two  possible  Raman  configutations. 


-0.22  cm’*  In  contrast,  the  66  am  laser  and  Raman  gains 
are  very  close,  suggesting  that  other  factors  may  influence  the 
preferential  growth  of  one.  One  such  factor  is  the  ground 
state  absorption  6.(  -*7|  which  will  be  larger  for  the  laser 
case  than  the  Raman,  favoring  the  growth  of  the  latter. 

From  Fig.  6,  the  ac  Stark  shift  is  esttmaced  to  be  **150 
MHz  assuming  the  detuning  to  be  1 .5  GHz.  Hence  the  Raman 
lines  should  be  detuned  at  least  1.65  GHz  whereas  any  laser 
lines  would  be  detuned  '**150  MHz.  This  is  to  be  compared 
with  the  measured  66  am  detuning  of  1.8  GHz  and  the  50  am 
detuning  of  2.1  GHz.  Recalling  the  uncertainties  in 
the  agreement  is  reasmable  and  confirms  the  nature  of  the 
processes. 


IV.  Conclusions 

Using  the  most  recent  high  resolution  spectrsl  data,  we  have 
identified  the  strong  FIR  transitions  associated  with  the  P (32) 
pump.  The  expected  pump  detunings  based  on  these  data 
have  also  been  quantitatively  confirmed.  Because  of  the  large 
P (32)  and  emitted  50  and  66  am  signal  detunings,  the  emis- 
sion processes  were  identified  as  being  due  to  two  separate 
stimulated  Raman  effects.  The  expected  small  ac  Stark  shift 
of  the  FIR  by  the  strong  pump  wu  not  fully  resolved.  The 
m^or  error  in  using  the  pressure  dependence  of  the  absorption 
for  frequency  measurements  is  m the  uncertainties  of  the 
various  broadening  coefficients. 

There  are  a number  of  mterestmg  implications  of  these 
observations.  First,  a Raman  process  can  be  twice  as  efficient 
as  a laser  ^'rocess  because,  in  principle,  every  absorbed  (R 
photon  produces  a Raman  photon  whereas  laser  emission  is 
limited  to  only  half  of  the  exdted  molecules.  Second,  the 
strong-field  near-resonant  interaction  produces  an  ac  Stark 
shift  which,  because  of  the  space-time  variation  of  the  pump, 
may  chirp  the  FIR.  In  fact,  the  scatter  evident  in  the  data 
of  Fig.  5 has  been  partially  correlated  with  the  source  cell 
pressure  and  hence  the  FIR  and  IR  intensities  and  their  im- 
plied Stark  shifu.  Third,  the  existence  of  absorption  by 
nearby  ground  state  transitions  may  be  a limiting  factor  in  the 
overall  FIR  growth  dynamics.  For  example,  the  ground  sute 
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transition  4.4  “•4.^.  with  a calculated  position  3.68  GHz 
above  the  385  um  transition,  has  a line  center  absorption  of 
0.4S  cm*'  which  may  be  sufficiently  strong  to  affect  the  FIR. 
Finally,  because  of  the  presence  of  two  strong  FIR  waves, 
there  may  exist  contributions  to  the  dynamics  associated  with 
three-photon  processes  such  as  a double  Raman  or  laser- 
Raman  process. 

It  would  appear  that  under  the  appropnaie  tuning  condi- 
tions. many  of  the  multiphoion  processes  so  easily  observed  in 
the  visible  may  also  be  observed  in  the  IR  and  FIR.  Recent 
observations  of  two-photon  absorption  (IR  ^ IR)  and  IR 
Raman,  and  this  observation  of  FIR  Raman,  suggest  that, 
far  from  being  weak,  the  multiphoton  effects  are  quite  strong, 
may  already  exist  m a number  of  known  off-resonant  cases, 
and  might  be  observed  m three-  and  four-wave  interactions 
f5i.(:3]-(:5i. 

.Appendix 

For  times  longer  than  the  inverse  linewidth.  an  appropnate 
rate  equation  description  of  the  inverted  vee  configuration  in 


Fig.  6 IS 

n,  = -y-M, 

ni)*Grir 

«!  - 7l<«l 

■ n‘,)*  Cp/p 

n,  - Tsinj 

• nj)  - Cp/p  ■ Oflf 

where  7,  is  the  relaxation  rate,  nf  ts  the  equilibnum  popula- 
tion (7  is  a gam  coefficient.  the  flux  '^hh  B,  the 

peak  electric  field  and  k,  * 2ff/X,  The  subscripts  p and  f refer 
to  the  pump  and  FIR  Using  a density  matrix  descnption  of  a 
quasi  steady-state  two-wave  interaction  in  the  near  resonant 
approximation  (deiunings  are  subopticai)  and  assuming  all 
linewidths  to  be  the  same,  the  gam  coefficients  are  found  to 
be  for  the  inverted  vee  case: 

C;^»aj2[(n3  ■ +(«,  - 

Gp^onlini  «,>/,  +(/r, 

where  Oi,  is  the  homogeneous  cross  section  at  line  center 
[261  Expressing  detunmgs  as  .t*2lPji  * >' * 

2(P)2  • normalized  fields  as  P * iX\^Ep.hlvn  and 

S * niiBf.  hSvf^  where  ui/  and  are  the  transition  dipole 
moment  and  frequency,  then  defining  Uz)  » r ♦ 1.  we  find 

((' 

F,  ^\n\  {-P‘  Llx  ■ y)L[x)L‘(y)^]  . 

/:  * 

^ - 1 *P‘  'Hx  - - S'.ilJt  - y)Ltx>. 

These  expressions  contain  ac  Stark  shifts  due  to  both  waves. 
In  the  weak  field  approximation  Fi  i.t*  ♦ 1)  *3  at  the 
Raman  resonance  {y  •x).  The  data  of  Fig.  6 are  for  S ■ 0 and 

7/  * 
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